Choroidal blood flow (ChBF) in birds is regulated by a neural circuit whose components are the retina, the suprachiasmatic nucleus, the medial division of the Edinger-Westphal nucleus (EWM), the ciliary ganglion, and the choriod. We have previously shown that lesions of EWM appear to result in pathological alterations in the retina. To determine whether EWM lesions also lead to altered visual functions, we have examined the effects of EWM lesions on visual acuity in pigeons. Bilateral lesions of EWM were made electrolytically, and visual acuity for high-contrast, square-wave gratings was determined behaviorally about 1 year later and compared to that of a group of pigeons that had received sham lesions of EW about 1 year prior to acuity testing. Because lesions targeting EWM invariably resulted in damage to the adjoining lateral part of the Edinger-Westphal nucleus (EWL), which controls pupillary constriction and accommodation, two additional control groups were studied. In one such control group, bilateral lesions in the area pretectalis (AP), which innervates the pupillary control part of EWL and thereby controls pupillary constriction, were made and the effects on visual acuity determined about 1 year later. In the second such control group, the effects of acute accommodative and pupillary dysfunction on acuity were studied in pigeons made cycloplegic. The accuracy of all lesions was later confirmed histologically. The mean acuities of birds with AP lesions (9.1 6 1.4 cycles0deg) and sham lesions (7.1 6 1.5 cycles0deg) were not significantly different from normal, based on published normative data on pigeons. In contrast, pigeons with lesions that completely destroyed EW bilaterally showed visual acuity (2.7 6 0.1 cycles0deg) that was well below the acuity of the sham and AP-lesion control groups. The acuity of the cycloplegic pigeons (4.8 6 0.3 cycles0deg) and one pigeon with a nearly complete bilateral EWL but a unilateral EWM lesion (6.4 cycles0deg) indicated that only about half of the loss with a bilateral EW lesion could be attributed to accommodative dysfunction. Thus, bilateral destruction of EWM appears to have led to a loss in visual acuity. This conclusion suggests that disruption of adaptive neural regulation of ChBF may impair visual function. Destruction of EWM was, however, associated with damage to the somatic components of the oculomotor and trochlear nuclei. The possibility cannot be excluded that such damage also contributed to the acuity loss.
Introduction
Neural influences on choroidal blood flow originate from several sources, including (1) the superior cervical ganglion; (2) the pterygopalatine ganglion; (3) the trigeminal ganglion; and (4) the ciliary ganglion (Reiner et al., 1983; Bill, 1984; Stone et al., 1987; Cuthbertson et al., 1996 Cuthbertson et al., , 1997 . The central circuits that control choroidal blood flow via these ganglia and the precise stimuli that activate these circuits in mammals are largely unknown. Anatomical studies in birds, however, have revealed the central and peripheral components of a neural circuit involving the ciliary ganglion by which light may adaptively regulate choroidal blood flow in the eye in response to visual stimulation (Fig. 1 ). This circuit consists of the following serially connected structures (arbitrarily beginning with the right eye): the right retina, the left suprachiasmatic nucleus (SCN), the medial subdivision of the right nucleus of Edinger-Westphal (EWM), the choroidal neurons of the right ciliary ganglion, and the choroidal blood vessels in the right eye (Gamlin et al., 1982; Reiner et al., 1983; Meriney & Pilar, 1987; Reiner et al., 1991; Cuthbertson et al., 1996) . We have shown that microstimulation of either EWM (Fitzgerald et al., 1990a) or SCN or retinal illumination yields increases in choroidal blood flow. Thus, control of choroidal blood flow by this circuit may serve to adaptively regulate choroidal blood flow according to retinal need. Additionally, this circuit seems important for maintaining high levels of choroidal blood flow in birds (Shih et al., 1993 (Shih et al., , 1994 Fitzgerald et al., 1996) . In either case, the importance of the control of choroidal blood flow by this circuit for the health of the retina is suggested by the findings that (1) destruction of EWM in pigeons leads to increased expression of glial fibrillary acid protein (GFAP) by retinal Müller cells, which may reflect an ongoing pathological process in the retina (Fitzgerald et al., 1990b) ; (2) destruction of EWM in pigeons leads to photoreceptor abnormalities (Fitzgerald & Reiner, 1989) ; and (3) reductions in basal choroidal blood flow and disruption of its adaptive regulation by removal of the ciliary ganglion input to the choroid lead to reduced immunolabeling of cholinergic amacrine cells in the inner retina in pigeons (Cuthbertson et al., 1996) .
These results in pigeons suggest that neural control that serves to maintain high levels of choroidal blood flow and0or adaptively regulate such flow according to retinal need may be important for the health of the eye. Choroidal insufficiency or defects in the adaptive regulation of choroidal blood flow could, in principle, contribute to retinal dysfunction and pathology in aging or in disease states, such as glaucoma, diabetes, hypertension, and myopia (Potts, 1966; Reiner et al., 1995; Yoneya et al., 1995; Tso & Jampol, 1990; Langham et al., 1991; Kubota et al., 1993; James & Smith, 1991; Yin et al., 1994) . To further examine the functional consequences for the eye of long-term reductions in the basal level of choroidal blood flow accompanied by loss of adaptive control of choroidal blood flow, we have examined the effects of bilateral EWM lesions in pigeons on visual acuity, which is a sensitive indicator of spatial vision. Pigeons are highly visual animals, as are birds in general, with a duplex retina and a level of visual acuity not very different from that in humans (Walls, 1963; Marshall et al., 1973; Hodos et al., 1976; Hodos & Leibowitz, 1977) . Pigeons are especially useful for such studies because normative data on their visual acuity are available . In addition, pigeons show age-related declines in visual acuity that are similar to those seen in humans (Hodos et al., 1991a,b; Porciatti et al., 1991) . Of particular relevance to the present study, birds also have a level of choroidal blood flow that appears to be generally comparable to that in the primate choroid, particularly in the macular region (Fitzgerald et al., 1990a) . Thus, information on changes in visual performance in pigeons following long-term experimental disturbance in the adaptive regulation of choroidal blood flow may be useful for assessing the hypothesis that long-term defects in choroidal blood flow or its regulation can contribute to visual decline in humans.
Methods

Subjects
The subjects for the lesion study were 10 White Carneaux pigeons that were 6-12 months old at the time they were obtained from Bowman Gray Pigeon Farm (Winston-Salem, NC) and 7-13 months old at the time of the surgery for the lesion or sham lesion. The birds initially were housed at the University of Tennessee at Memphis, where the surgery was performed. The birds subsequently were transferred to the University of Maryland, College Park where the behavioral testing was carried out. The lesion targets in each bird were unknown to the behaviorists until the behavioral testing was completed. Three White Carneaux pigeons from the Palmetto Pigeon Plant (Sumter, SC) were used in the study of the effects of cycloplegia on acuity. All birds were maintained on a 12-h light0 12-h dark photoperiod, and the illumination level in each cage was 215-270 lux in both Tennessee and Maryland. All experimental procedures were carried out with the approval of the Animal Care and Use Committees of the University of Tennessee at Memphis and the University of Maryland at College Park and followed the principles outlined in the ARVO Resolution on the Use of Animals in Research.
Lesions Groups
Stereotaxic techniques were used to make bilateral electrolytic lesions of either EWM (n ϭ 4) or area pretectalis (AP, n ϭ 3). A group of birds termed "shams" (n ϭ 3) received the same surgical preparation as the EW birds, but no lesions were made. Lesions of EWM result in the disruption of adaptive neural regulation of choroidal blood flow in the ipsilateral eye and declines in basal choroidal blood flow . EWM lesions, however, typically encroach on EWL, the lateralmost part of EW that controls pupillary constriction and accommodation via projections to the neurons of the ciliary ganglion that control the sphincter muscle of the iris and the muscles of accommodation, respectively (Marwitt et al., 1971; Gamlin & Reiner, 1991; Reiner et al., 1991) . Therefore, lesions in the EWM group typically produced a bilaterally dilated pupil, an evident bilateral loss of the pupillary light reflex, and a presumed bilateral loss of accommodation (Fig. 1) . In principle, the increased amount of light falling on the retina due to chronic pupillary dilation might itself promote light-induced retinal degeneration (Noell et al., 1966; Marshall et al., 1972; Lanum, 1978; Organisciak & Winkler, 1994; Fite et al., 1993) . The birds in the AP-lesion group were intended to separate the effects of chronic bilateral disruption of choroidal blood flow from the effects of a chronically and bilaterally fixed, dilated pupil, since AP projects to the caudolateral part of contralateral EWL and controls the pupillary light reflex for the eye ipsilateral to that EW (i.e. AP lesions affect the contralateral eye). Histological analysis carried out after behavioral testing revealed the accuracy and extent of the EWM and AP lesions.
Methodology
To make the EWM, AP, or sham lesions, the pigeons were deeply anesthetized with ketamine (66 mg0kg) and xylazine (6.6 mg0kg) and positioned in a stereotaxic device. Body temperature was maintained at 388C with a Harvard heating blanket and rectal thermoprobe. Stereotaxic techniques (Karten & Hodos, 1967) were used to position an insulated AM Systems, model 5720 500mm, 8-deg tapered tip, stainless-steel electrode with 5 MV impedance in either EW or AP. The accuracy of the electrode placement was determined by passing short trains of anodal current pulses (0.5-ms pulse duration, 100 Hz) through the electrode and observing the bird's pupillary diameter. An electrode accurately placed in EW yields brisk pupillary constriction with 50 mA or lower current pulses, while an electrode accurately placed in AP yields brisk pupillary constriction with 100 mA or lower current pulses (Fitzgerald et al., 1990a Gamlin et al., 1984) . Once accurate placement of the electrode was confirmed, an electrolytic lesion was made in the EW and AP-lesion birds (1.0 mA anodal constant current for 30-s duration). In sham-lesion birds, the electrode was lowered into EW to the same stereotaxic coordinates as in the EW-lesion birds but no lesion was made. The accuracy of the lesions could roughly be assessed immediately after the lesion because both EW and AP lesions typically immediately resulted in a fixed dilated pupil in the affected eye. All animals were then returned to their home cages, and allowed to recover. One to 2 months after the lesion, the birds were transported by air to the University of Maryland, College Park, where visual acuity testing was carried out. The birds were tested 9-13 months after surgery (Table 1) . Variation in the number of months after surgery (lesioning) over this range did not have an evident effect on acuity performance within surgical group.
Visual acuity testing Apparatus
The visual acuities of pigeons were determined postoperatively using psychophysical procedures that employed a three-key operant conditioning apparatus (Hodos et al., 1976 . The center key was fabricated from a glass microscope slide and was optically neutral. The stimuli consisted of six high-contrast, square-wave gratings that ranged in spatial frequency from 1-20 lines0mm and six uniformly illuminated glass, 0.3 neutral-density (ND) filters. The lines of the gratings were all diagonally oriented in the same direction. Each grating was matched for total light transmission to within 0.01 log unit to one of the uniformly illuminated stimuli by the addition of one or more microscope cover glasses to the light path (ND 0.04-0.07). The pigeons viewed the gratings and ND filters through the glass center key against a uniformly backilluminated field produced by a voltage-regulated Sylvania CBA, 500-W halogen lamp in a Kodak slide projector. A motorized stimulus wheel containing two sets of the 12 stimuli was mounted behind the center key and was used to present the stimuli. A shutter prevented the birds from seeing the movement of the stimulus wheel during the intertrial interval. The luminance of the center key was 70 cd0m
2 . The luminances of the side keys were 660 and 650 cd0m 2 . The chamber illumination source consisted of two F6T5 cool-white, ceiling-mounted fluorescent lamps. The chamber illumination with the shutter open was 1445 lux. The photometric determinations were made either with a Minolta digital photometer or a Simpson analog photometer, calibrated against a standard luminance source from the U.S. Bureau of Standards.
Paradigm
To determine visual acuity, a conditional discrimination paradigm was used. A trial began with the opening of the shutter for the center key. If the pigeon pecked the center key, the shutter closed and the two side keys were illuminated. If a grating stimulus had been presented on the center key, then a single peck on the right side key resulted in 1.5-1.8 s access to a mechanical feeder below the center key. The feeder contained a nutritionally complete mixture of seed grains. If a uniformly illuminated ND stimulus had been presented on the center key, then a single peck to the left key was rewarded with access to the grain. Each correct response was followed by illumination of the feeder lamp, but only a random 50% of the correct responses were followed by actual access to grain, which helped to sustain high-performance levels without the occurrence of satiety. Pecks on incorrect keys resulted in a 5-s time-out during which the shutter was closed and key pecks were ineffective. During time-outs and intertrial intervals, the chamber remained illuminated by the ceiling lamps.
Training and testing
Birds were first trained to perform this discriminative task using the 1 line0mm stimulus and its matched ND filter. Once birds could perform this training task at or above 90% correct, psychophysical testing was carried out according to a variation of the (Fellows, 1967) . The first and eighth blocks were "warmup" blocks during which the spatial frequency was 1 line0mm, and the 12 remaining blocks were assessment blocks used for calculating acuity. Within each block, the animal was tested on only one spatial-frequency grating. Data from the warm-up blocks were not used for acuity assessment. The second block was an assessment block in which the 1 line0mm stimulus was presented in quasirandom alternation with its paired ND stimulus. If performance on this task was 90% or better, then the results for the assessment block counted as the first performance measure for this stimulus pair. If performance, however, was less than 90%, then the block would be regarded as a training block and the 1 line0mm stimulus and its paired ND stimulus would be presented throughout the remaining 12 blocks of the session, and the entire session would be considered a training session. Whether a training or a testing session, the session consisted of 336 trials. When performance on the first assessment block was greater than 90%, this block was followed by five blocks, with each testing with a progressively higher spatial-frequency grating. After the block with the highest spatialfrequency grating (20 lines0mm), another warm-up block was given and the ascending series of six gratings and their six matched blanks was repeated. At the conclusion of a testing session, the mean percentage of correct responses on both determinations for each grating was plotted. The threshold was calculated from the intercept of the psychometric function with 75% correct. Testing was continued for 5 days per week until the threshold performance did not vary by more than 625% during five successive sessions. The number of lines0mm at which performance was at 75% correct, adjusted for the effects of viewing distance as described below, was taken as the acuity.
Viewing distance and acuity
Measurements of the viewing distance at which each animal performed the acuity task were necessary to calculate the visual angle subtended on the retina by the grating targets. Each bird was therefore videotaped during an acuity session. Included on the tape was an image of a millimeter ruler positioned in the chamber in the plane of the bird's right eye. The videotapes were analyzed with a Sony SVM-1010 Motion Analyzer. Printed copies of the analyzer images were made with a Mitsubishi Video Copy Processor. From these printed copies, measurements were made of the distance from the anterior surface of the cornea to the surface of the glass pecking key. To these values were added 3.5 mm for the distance from the anterior surface of the cornea to the anterior nodal point (Marshall et al., 1973) and the distance from the surface of the pecking key to the target. Because the acuity measurements for each individual bird were based on the viewing distance of that bird, normally occurring differences among birds in viewing distance would not have artificially produced variation in measured acuity and changes in viewing distance that resulted as a compensation for paralysis of accommodation in EW-lesion birds would not have artificially reduced the acuity determined for EW-lesion birds.
Measurement of pupillary diameter
To determine their pupillary diameter, birds were brought into a room with the same illuminance as the acuity-testing chamber. After several minutes of adaptation to the illumination level, their pupils were measured with a Rosenbaum Pupil Gauge. The measurements were made independently by two observers. These measurements nearly always were in agreement. For those few measurements on which the observers disagreed, the results were averaged. The pupillary light reflex was tested with a pen light.
Mydriasis and cycloplegia
Acuity assessment
To determine the effects of paralysis of accommodation and dilation of the pupil on visual acuity in pigeons with an intact EW, the curariform drug vecuronium bromide (Organon Inc., NJ) was applied to the cornea. Because the avian intraocular muscles are striated muscles with nicotinic cholinergic receptors rather than smooth muscles with muscarinic cholinergic receptors as in the case of these same muscles in mammals (Pilar & Vaughn, 1969; Pilar et al., 1987) , a curariform agent was required. Ten milligrams of vecuronium bromide was dissolved in a vehicle solution consisting of 8 ml of avian saline and 2 ml of a 0.13% solution of benzalkonium chloride in saline. The solution was applied to the cornea at the rate of one drop every 60 s over the course of 6-10 min. Complete mydriasis occurred approximately 10 min after the final administration of the drug. This regimen of vecuronium bromide administration has been shown to produce complete cycloplegia for 3 h in chicks (Schwahn & Schaeffel, 1994; Stull et al., 1993) . Three intact, well trained pigeons were tested for three sessions with the vecuronium bromide after having been tested for three sessions with a control corneal application of saline. As in the lesion cases, measurements of pupillary diameter were made, as were measurements of viewing distance during the acuity task.
Cycloplegia efficacy assessment
Although vecuronium bromide treatment as described above has been reported to produce complete cycloplegia in birds (Schwahn & Schaeffel, 1994; Stull et al., 1993) , we directly assessed the efficacy of the vecuronium bromide treatment in our pigeons. The pigeons were refracted repeatedly over the course of 1 h after corneal application of either saline or vecuronium, as described above, to observe the range of refractive states in each condition. The difference between the lowest and highest refractive state in each bird was taken to indicate the amplitude of accommodation in that bird. Because the position of the eyes in space could not be stabilized sufficiently for accurate refraction in awake birds, we were obliged to perform the refractions under light anesthesia so that the birds could be secured in a stereotaxic headholder for head stabilization. Immediately after administration of the doses of vecuronium or saline as described above, the subjects were lightly anesthetized with ketamine and rompun (3.3 mg0kg xylazine and 13.3 mg0kg ketamine). After the head was secured in a stereotaxic headholder, the birds were refracted using a Hartinger refractometer every 1-2 min over the course of 1 h to determine the amplitude of spontaneous accommodation (i.e. accommodative drift in the absence of any particular visual stimulus). The Hartinger refractometer is accurate to within 0.1D, as measured with an artificial eye.
Histological assessment of lesion size and accuracy
After the visual acuity testing was completed, the animals were transcardially perfused either with 4% paraformaldehyde, 0.1 M lysine, and 0.01 M sodium periodate in 0.1 M phosphate buffer at pH 7.4, or with 2% paraformaldehyde, 2% glutaraldehyde, and 0.05% acrolein in 0.01 M sodium cacodylate at pH 7.2-7.4. The aldehyde-fixed heads with the brains and eyes in situ were then shipped on ice packs via an overnight carrier to the University of Tennessee at Memphis, where the brains were processed for histological assessment of the location and extent of the lesions. In brief, the brains were cryoprotected with 20% sucrose-10% glycerol in 0.1 M phosphate buffer with 0.02% sodium azide, frozen in dry ice and sectioned at 40 mm on a sliding microtome. The electrode placement was then confirmed histologically from cresyl violet stained sections and0or sections in which EW neurons were specifically labeled immunohistochemically for the presence of choline acetyltransferase (ChAT). Since neurons in EW are cholinergic , ChAT labeling of EW neurons made it possible to unambiguously identify any EW neurons that might have been spared during an EW lesion. For the immunohistochemical processing, the peroxidase-anti-peroxidase procedure was used as described previously . In one pigeon targeted for a bilateral EWM lesion (EP25-see Table 1 ), the cresyl violet staining and ChAT immunolabeling revealed that part of EW on one side was spared. To further evaluate the extent of the EW lesion on the partially spared side, midbrain sections through EW were immunohistochemically processed for the visualization of substance P (SP), as described previously . Gamlin et al. (1982) have previously shown that EWM in birds is rich in SPϩ fibers arising from the suprachiasmatic nucleus (SCN), while EWL contains only a modest abundance of SPϩ fibers. The SPϩ immunolabeling in the case with the partial EW lesion on one side in conjunction with the ChAT immunolabeling in this same case helped in determining the extent to which EWM and EWL were damaged. In addition, in this same case, slide-mounted serial cryostat sections of the ciliary ganglia from both eyes were studied using immunolabeling for SP and leucine-enkephalin (LENK), carried out as described previously . The synaptic terminals within the ciliary ganglion arising from EWM differ in their morphology from those arising from EWL (Fig. 1) . The EWM axons end as boutonal endings on the choroidal neurons of the ciliary ganglion, while the EWL neurons end as cap-like endings on the ciliary neurons of the ciliary ganglion (Marwitt et al., 1971; Reiner et al., 1983 Reiner et al., , 1991 . Both EWM and EWL terminals in the ciliary ganglion can be immunostained for SP or LENK . Examining the loss of EWM or EWL terminals from the ciliary ganglion thus helped further clarify the extent to which the two parts of EW were damaged by the lesion in EP25.
Results
Lesion accuracy
General summary of lesion outcomes Table 1 summarizes the results of the microscopic analysis of the lesions. Three of the four EW birds (EP24, EP32, and EP33) with lesions intended for EWM had complete bilateral destruction of both EWM and EWL. The fourth bird (EP25) sustained complete destruction of the right EWM, but only partial destruction of the left EWM. This bird, nonetheless, had virtually complete destruction of EWL on both sides. Among the birds with lesions of AP, two sustained complete direct bilateral destruction of AP (EP35 and EP36), while EP26 had complete destruction of the right AP and 50% damage to the left AP. Nonetheless, because the left lesion in EP26 was in the path of the output bundle of AP to the contralateral EWL (Gamlin et al., 1984) , the lesions in EP26 were effective in eliminating the pupillary light reflex (PLR) bilaterally. Finally, the three sham birds had no EW or AP lesions and no pupillary impairments. The lesions and their effects on pupillary function are detailed more fully below. Fig. 2 shows reconstructions of the lesion extent in EW and the somatic oculomotor nuclear complex (OM) for two EW cases (middle and right columns) compared to a reconstruction of EW and OM in one of the AP-lesion birds (EP26, left panel), in all three cases based on the distribution of immunohistochemically labeled cholinergic (ChATϩ) neurons. The distribution and abundance of ChATϩ neurons in EW and OM is completely normal in EP26 . The second column shows the distribution of ChATϩ neurons in EW and OM in EP25. Note that the right EW is completely destroyed while a large portion of the left medial EW is intact. Based on comparison to adjacent SP-labeled sections, nearly all of the cholinergic neurons in the remaining left EW in EP25 appeared to lie within the EWMdefining field of SPϩ fibers. Counts of ChATϩ neurons in the left EWM and EWL in EP25 and on both sides in EP26 indicate that about only 5% of the left EWL neurons remained in EP25, while about 55% of the left EWM neurons remained. Immunolabeling of serial sections though the ciliary ganglion for SP and LENK revealed that while boutonal endings (which arise from EWM) were present in the left ciliary ganglion, cap-like endings (which arise from EWL) were not observed. Thus, the few surviving left EWL neurons may have been abnormal in their functioning. In any case, the immunolabeling studies indicate that the EW lesions in EP25 resulted in nearly complete bilateral destruction of EWL, but only unilateral EWM destruction. As expected from the complete lesion of the right EW, both types of endings were absent from the right ciliary ganglion of EP25. Finally, the third column shows the distribution of cholinergic neurons in EW and OM in EP24. EW was totally destroyed bilaterally in EP24, as was also the case in EP32 and EP33.
Detailed description of EW lesions cases
Detailed description of somatic oculomotor and trochlear nucleus damage in EW lesions cases
Damage to the somatic part of the oculomotor nucleus (OM) was observed in the four EW-lesion birds. In EP25, the left OM was nearly intact, but the dorsal part of OM (which controls the inferior and medial rectus muscles) (Brecha & Karten, 1981) was largely destroyed on the right (Fig. 2) . Counts of ChATϩ neurons in the dorsal OM in EP25 and in EP26 indicated that about 80% of the left dorsal OM neurons remained in EP25, while only about 25% of the right dorsal OM neurons remained. The trochlear nucleus was intact on both sides in EP25. In EP24, EP32, and EP33, the dorsal OM and the trochlear nucleus were destroyed bilaterally. In EP33, the dorsal part of the ventral OM (which controls the inferior oblique muscle) was also destroyed bilaterally, as was half of the ventral part of the ventral OM (which controls the superior rectus muscle) (Brecha & Karten, 1981) . Fig. 3 shows the AP lesions in two of the AP-lesion birds. Among these birds, EP26 had complete destruction of the right AP and about 50% damage to the left AP. The lesion on the left, however, was located in the path of the output bundle of AP that courses to the contralateral EWL (Gamlin et al., 1984) . Consis-tent with this, the pupillary light reflex (PLR) was absent in both eyes in EP26, as discussed further below. Both EP35 (Fig. 3) and EP36 had complete bilateral destruction of AP. Thus, all three AP-lesion birds had lesions that successfully achieved their goal. Lesions that destroyed AP caused very little damage to other pretectal cell groups. In EP35 and EP36, the nucleus pretectalis (PT) was nearly completely destroyed bilaterally, but no other cell group was significantly damaged. In EP26, PT was slightly damaged on the right, while the dorsolateral and dorsointermediate thalamic nuclei were destroyed on the left. While the functions of PT and the latter two thalamic nuclei are uncertain, none of these three nuclei is part of circuits associated with pupillary or choroidal function (Gamlin & Cohen, 1986; Karten & Dubbeldam, 1973; Veenman et al., 1997) or with the processing of visuospatial detail (Hodos & Bonbright, 1975; Macko & Hodos, 1984; Gamlin et al., 1996) . Fig. 2 . Reconstruction of the extent of EW damage in three pigeons, using a rostral to caudal series of coronal sections immunolabeled for ChAT to reveal the neurons of EW and the OM. The first column shows an intact EW and OM in one of the AP-lesioned birds (EP26). Both EW and OM were normal in this bird. The second column shows the extent of damage in EP25. In this bird, the lesion on the right destroyed EW and parts of the dorsal OM. On the left side, this lesion destroyed nearly all of EWL, but EWM and the OM were largely intact. The third column shows the extent of damage in EP24. In this bird, EW and the dorsal part of OM were destroyed bilaterally. The lesions in EP32 and EP33 were largely similar to that in EP24 (V: ventricle). Fig. 3 . Reconstruction of the extent of the lesions in two of the AP-lesioned birds. The lesion in EP26 destroyed the right AP completely, with little damage to the surrounding pretectal cell groups. On the left in EP26, only partial AP damage was observed. This lesion did, however, interrupt the output of the left AP to the right EWL, and the PLR was consequently absent in the right eye and the right pupil fully dilated in this bird. Thus, the lesions were bilaterally effective in EP26. The lesions in EP35 destroyed AP completely on both sides, with some bilateral damage to the nucleus pretectalis. The pretectal damage in EP36 was highly similar to that in EP35. Abbreviations not defined above: HL: lateral habenular nucleus; HM: medial habenular nucleus; ICo: intercollicular nucleus; nBOR: nucleus of the basal optic root; PT: nucleus pretectalis; SGC: stratum griseum centrale of the tectum; SP: nucleus subpretectalis; SpL: nucleus spiriformis lateralis; SpM: nucleus spiriformis medialis; and TO: optic tract.
Detailed description of AP-lesion cases
Pupillary light reflex and pupillary diameter
As shown in Table 1 , the three pigeons with bilateral destruction of EWM and EWL (EP24, EP32, EP33) had total loss of the pupillary light reflex (PLR) in both eyes. EP25, which had partial EWM damage, but nearly total EWL damage, also had complete bilateral loss of the PLR. The PLR in the sham birds was unaffected. The data on mean pupillary diameter for the three surgical groups are presented in Fig. 4 . The sham group had a mean pupillary diameter of 5.0 mm, which was smaller than the 5.5 mm mean pupillary diameter of the AP group, and the 6.2 mm mean pupillary diameter of the EW group. A one-way analysis of variance (ANOVA) was performed on the pupillary diameter data. The results were F~2,7! ϭ 12.9, P ϭ 0.005, which indicate a significant effect of lesion location on pupillary diameter. A post-hoc Tukey test indicated that the AP group did not differ from the EW group, but the AP and EW groups were significantly different from the sham group (P ϭ 0.004).
Viewing distance
The viewing distance for each bird in each surgical group is shown in Table 1 and the mean viewing distances are summarized for the three surgical groups in Fig. 5 . The EW group, which had bilaterally impaired accommodation due to the bilateral destruction of EWL, had the longest mean viewing distance (71.2 mm) and two birds in this group (EP25 and EP32) had the longest viewing distances of any of the ten birds in the surgical groups. In contrast, the mean viewing distances in the shams (66.6 mm) and in the AP-lesion birds (68.1 mm) were very similar to those reported for normal pigeons performing this task (67.0 mm) . Thus, the results suggest that the birds with EW lesions did, to some extent, adjust to their accommodative impairment by increasing their viewing distance. Because of interindividual variability in viewing distance, however, the ANOVA for the mean viewing distance data for the three surgical groups was not significant at the 0.05 level.
Visual acuity
The mean visual acuities of the birds in the three surgical groups are presented in Fig. 6 and the individual data are summarized in Table 1 . The mean acuities for the sham and AP groups were 7.14 and 9.08 cycles per degree (c0deg), which are well within the normal range of 6-21 c0deg for intact pigeons . These correspond to 4.2 and 3.3 min of arc or 20080 and 20060 on a Snellen eye chart (6024 and 6018 in metric units), respectively. In contrast, the mean acuity of the four birds with EW lesions was 3.6 c0deg, which corresponds to 8.3 min of arc or 200167 (6048) in Snellen acuity. An ANOVA of the acuity data resulted in F~2,7! ϭ 6.4, P ϭ 0.03, which indicated a significant effect of the lesion location. A post-hoc Tukey test indicated that the acuity of the four EW birds was significantly lower than that of the AP group (P ϭ 0.02), but that the AP and sham groups were not significantly different from each other. Of the three animals that sustained complete bilateral EW lesions, the mean acuity was 2.7 c0 deg, which corresponds to 11.1 min of arc or 200220 (6073 metric) in Snellen acuity. Thus, the mean measured visual acuity of the birds with complete bilateral EW lesions was reduced to about one third of that in the AP and sham birds combined. Finally, pigeon EP25, which had only unilateral EWM damage but nearly complete bilateral EWL damage, had a visual acuity that was at the lower limit of the normal range (6.4 c0deg; 4.7 min of arc; 20094 Snellen acuity).
Correlation between lesion damage and acuity
Correlation coefficients were calculated to assess the relationship between the acuity loss and the extent of EWM, EWL, AP, and Fig. 4 . Although the combined mean viewing distance for the sham and AP birds was identical to that of normal 2-5 year old pigeons and that of the EW birds was slightly elevated in comparison, the differences in viewing distance among these three groups of birds were not statistically significant (see text). somatic oculomotor0trochlear nucleus damage for the EW, APand sham-lesion birds. Significant negative correlations were observed between the extent of EWM, EWL or somatic oculomotor0 trochlear nucleus damage, and acuity. The negative correlation with acuity was comparable for EWM damage (Ϫ0.808) and oculomotor0trochlear damage (Ϫ0.810), while the correlation of the EWL damage with the acuity loss was lesser (Ϫ0.765). As discussed below, the lower correlation of EWL damage with the acuity loss suggests that EWL damage only accounted for part of the loss. The similar correlations of the EWM damage and the oculomotor0trochlear damage with acuity loss can be interpreted any of three ways: (1) EWM damage and the oculomotor0trochlear damage make contributions to the acuity loss that are equal and are also greater than the contribution of the EWL damage; (2) EWM damage is responsible for the acuity loss and oculomotor0trochlear damage is incidentally highly correlated with EWM damage; and (3) oculomotor0trochlear damage is responsible for the acuity loss and EWM damage is incidentally highly correlated with oculomotor0 trochlear damage. As detailed in the Discussion, we believe the second of these interpretations is the most likely. Finally, the extent of AP damage was positively and significantly correlated with acuity (ϩ0.667). This positive correlation is spurious, however, since it is a reflection of the poor acuity in the four EW-lesion birds (who had no AP damage) and the slightly above sham level acuity of the AP-lesion birds. Thus, the AP damage-acuity correlation does not indicate that AP damage and loss of the pupillary light reflex is beneficial for acuity. All four EW birds also had complete loss of the pupillary light reflex and dilated pupils because of the complete bilateral destruction of the pupillary control part of EWL (i.e. the caudolateral part). To get a better estimate of the correlation between pupillary impairment and acuity, we scored the EWlesion birds as 100% pupillary circuit destruction and the AP birds as shown in Table 1 . Under these circumstances, the correlation between extent of damage to the pupillary control circuit (either by AP or caudolateral EWL damage) and acuity was Ϫ0.199, which was not significant. Thus, pupillary impairment caused either by AP damage or by caudolateral EWL damage did not contribute to the acuity loss.
Mydriasis and cycloplegia
The vecuronium cycloplegia and mydriasis resulted in decreases in visual acuity, compared to the saline control treatments. Mean acuity in the saline control condition was 7.43 c0deg (4.0 min of arc; 20080 Snellen acuity), whereas with vecuronium it was reduced to 4.8 c0deg (6.3 min of arc; 200126 Snellen acuity), which was a significant reduction (t ϭ 3.71, P ϭ 0.02). Thus, the measured visual acuity following the vecuronium treatment was about two thirds of the normal measured acuity in these birds. This finding indicates that the EWL damage in the bilateral EW-lesion birds (which was mimicked acutely by the vecuronium treatment) accounts for slightly less than half of the total loss in measured acuity that resulted from complete bilateral lesions of EW. The remaining half of the loss would appear to be attributable to the bilateral destruction of EWM (and0or as discussed below oculomotor and trochlear nucleus damage). Viewing distance and pupillary diameter data with saline or vecuronium are shown in Table 1 . In brief, the vecuronium treatment caused a slight but not statistically significant increase in viewing distance (from a mean of 61.5 mm to 62.8 mm; P ϭ 0.1015), a statistically significant increase in pupillary diameter (from a mean of 4.63 mm to 5.98 mm; P ϭ 0.0078) and a loss of the pupillary light reflex. The significance of the effects on pupillary diameter and viewing distance were assessed using one-tailed paired t-tests. Refractometry in lightly anesthetized pigeons revealed that in vecuronium-treated eyes, spontaneous accommodation only ranged up to 0.4-0.5 diopters, while in saline-treated eyes it ranged up to 5.0 diopters. Thus, vecuronium cycloplegia nearly completely eliminated spontaneous accommodation. Fig. 7 is a summary of the acuity data for each distinct treatment group. Group data are shown as mean 6S.E.M. At the right of the graph, the group data for the AP lesion, sham lesion, and topical saline administration are shown. The acuity values for these three groups fall within the published normal range for pigeons . On the left side of the graph are shown the mean acuity for the three birds with complete bilateral EW destruction, the acuity for the one bird with a partial EWM lesion and a nearly complete EWL lesion, and the acuity for the topical vecuronium administration birds. The complete bilateral EW-lesion birds clearly show the poorest acuity, while the acuities in the vecuronium birds and in the partial EWM-lesion bird are only slightly outside the normal range. Since these data failed the homogeneity of variance test, a nonparametric ANOVA was carried out on them. The ANOVA showed a significant difference among groups and a subsequent Student-Newman-Keuls Pairwise Multiple Comparisons procedure showed that there was a significant difference between the complete bilateral EW-lesion birds and each other group, but not between any pairs among these other groups of birds. These results suggest that bilateral disruption of accommodation and pupillary constriction via vecuronium or bilateral EWL lesions produce lesser losses in acuity than do complete bilateral EW lesions. These results thus imply that adding severe disruption of EWM-mediated control of ChBF in both eyes (and0or oculomotor0trochlear damage) to the accommodative and pupillary impairment leads to a significantly larger acuity loss.
Summary of results for all treatments
Discussion
We believe that the most likely interpretation of our results is that both EWM lesions and EWL lesions affect behaviorally determined visual acuity in pigeons. Other available data suggest that the basis of an effect of EWM lesions on acuity in pigeons might be abnormalities in the retina and retinal function induced by the adverse consequences of EWM lesions on choroidal blood flow and its regulation. The alternative explanations that impairments in pupillary or accommodative function and0or in eye movement control are the sole causes of the acuity losses seem less likely. These issues are discussed in detail below.
Role of pupillary defect in the acuity loss following EW lesions
The EW lesions produced a fixed, dilated pupil. Such a pupil allows excessive light to fall onto the retina. A number of studies have shown that excessive light on the retina (either caused by sustained or heightened ambient illumination or by pupillary defects) can lead to retinal damage (Noell et al., 1966; Marshall et al., 1972; Lanum, 1978; Shahinfar et al., 1991; Fite et al., 1993; Organisciak & Winkler, 1994; Pérez & Perentes, 1994) . In a prior study, however, we found no evidence that pupillary dilation and0or loss of the PLR by themselves, as present in AP-lesioned birds, leads to retinal damage under the conditions of illumination that existed in this study (Fitzgerald et al., 1990b) . Similarly, in the present study we found that the AP birds had slightly (but not significantly) better acuity than did the shams and the extent of AP damage was inversely correlated with the acuity loss (i.e. the AP birds performed better than the other birds), despite the fact that the AP birds had pupils that were more dilated than those of the shams and had no PLR. Thus, the present results clearly suggest that a pupillary impairment was not the basis of the acuity loss in our EW-lesion birds. For these reasons, it is unlikely that the acuity loss in the EW pigeons stemmed from the optical consequences of the pupillary defect on visual performance or the long-term consequences of the pupillary defect on retinal health. Secondarily, the pigeon with a partial bilateral EWM lesion had as severe a pupillary defect as the three birds with complete bilateral EWM destruction. Nonetheless, the bird with partial EW damage did not have nearly as severe an acuity loss as the three birds with complete bilateral destruction of EWM. These various results argue that the pupillary defect attending bilateral EW lesions did not contribute in any detectable way to the severe acuity loss in the EW-lesion birds. Fig. 7 . The mean acuity data (6 S.E.M.) for the complete EW-lesion birds, the partial EW-lesion bird, the AP-lesion birds, the sham-lesion birds, the cycloplegic birds treated with saline (SALINE), and the same cycloplegic birds treated with vecuronium (VEC) are shown in this summary graph. Note that for the purposes of this graph, the mean data for the three birds with the complete bilateral destruction (EWbilat) are graphed separately from the data for the one bird with the bilateral EWL but unilateral EWM lesion (EWunilat). The S.E.M. is too small for the former birds to be evident in the graph, and no S.E.M. can be calculated for the single unilateral EW bird. The visual acuity for the bilaterally EW-lesioned birds was significantly poorer ‫)ء(‬ than for the five other categories of birds, among which there were no statistically significant differences.
Finally, an ancillary outcome of our study of the AP-lesioned birds was the finding that nearly complete bilateral lesions of nucleus pretectalis (PT) have no effect on acuity. Since PT receives a major tectal input and projects heavily to the major retinorecipient layer of the tectum , it could not have been predicted that PT lesions would have no effect on acuity performance. A prior study showed that bilateral PT lesions also do not affect the ability of pigeons to perform simple light-intensity discrimination or pattern-discrimination tasks (Hodos & Bonbright, 1975) . Our finding that unilateral partial damage to the dorsointermediate and dorsolateral thalamus (as occurred in one bird) also has no impact on behaviorally measured acuity is not surprising. The dorsointermediate thalamic nucleus is part of the intralaminar thalamus in birds and as such would be expected to be involved in basal ganglia functions and not visual functions (Veenman et al., 1995 (Veenman et al., , 1997 . While the dorsolateral thalamus is part of the avian dorsal lateral geniculate nucleus, this nucleus does not appear to mediate pattern discrimination in pigeons (Hodos et al., 1973) and even complete bilateral destruction of this nucleus has not been reported to affect acuity performance in pigeons (Macko & Hodos, 1984) .
Role of an accommodative defect in the acuity loss following EW lesions
In the vecuronium-treated birds (in whom the pupil was fixed and dilated, and accommodation paralyzed), a loss in acuity that was approximately half of that in the birds with the complete bilateral EW lesions was observed. Since the data from the AP-lesioned birds indicated that bilateral pupillary dilation and loss of the PLR had no evident adverse effect on acuity performance, it seems likely that an accommodative defect was the major if not exclusive basis of the acuity loss in the vecuronium-treated birds. Even with both eyes rendered cycloplegic, however, the acuity in the vecuronium-treated birds (200126) was much better than that in the birds with complete bilateral EW lesions (200220). It seems unlikely that the 0.4-0.5 D residual spontaneous accommodation following vecuronium treatment that our refractometric studies detected in vecuronium-treated pigeon eyes could account for the large difference in acuity between our complete bilateral EWlesion birds and the vecuronium-treated birds. This difference is about 100 feet on the Snellen chart, and a 0.4-0.5 D correction in either distant or near viewing is inadequate to optically correct for an acuity disturbance of this magnitude (Borish, 1970) . Additionally, given the size and optics of the pigeon eye (Marshall et al., 1973) , the accommodative need in the bilateral EW-lesion birds would have been reduced by ϩ1 D to ϩ2 D because they tended to increase their viewing distance by about 4 mm beyond that used by normal pigeons and beyond that used by the AP and sham birds. Since the vecuronium birds only increased their viewing distance by slightly over 1 mm, even with 0.4-0.5 D of accommodation remaining in the vecuronium birds, it is not clear that the EWlesion birds were at an accommodative disadvantage compared to the vecuronium birds. Thus, the data from the vecuronium birds suggest that about half of the measured acuity loss in the birds with bilateral EW lesions was not attributable to the EWL damage. This interpretation is further supported by the acuity data in the one bird with bilateral EWL but unilateral EWM damage. In this bird, in which the accommodative impairment should have closely resembled that in the vecuronium birds, the visual acuity impairment was similar (and even somewhat less severe) than that in the vecuronium birds. These various lines of reasoning lead to the conclusion that bilateral EWM lesions and0or bilateral oculomotor0trochlear damage have a significant effect on visual acuity in two-year-old pigeons when assessed one year after the lesions. Based on considerations outlined below, we believe that the EWM damage is the more likely basis of that part of the acuity loss not attributable to the EWL damage.
Role of an oculomotor defect in the acuity loss following EW lesions
We found that oculomotor0trochlear nucleus damage was as highly correlated with the acuity loss as was EWM damage. In principle, eye movement impairments might affect behaviorally measured visual acuity in birds by any of three mechanisms: (1) the retinal habituation attending retinal image immobilization (Riggs et al., 1953) ; (2) an effect of eye movement impairment on the ability to perform some key element of the behavioral task (e.g. target fixation); and (3) a long-term harmful effect of eye immobilization on the health of the retina. Several lines of evidence make it seem unlikely that eye movement impairments could have contributed to the visual acuity loss by any of these three mechanisms. First, eye movements in pigeons (and birds in general) are limited even in normal birds, and birds tend to rely on head movements to fixate objects (Bloch et al., 1981; Pettigrew et al., 1990) . It is also important to note that in no case did our EW lesions totally incapacitate eye movements, since even in the birds with complete bilateral EW lesions, the ability to control either two extraocular muscles (EP33-abducens and superior rectus) or three extraocular muscles (EP24 and EP32-inferior oblique, abducens and superior rectus) was intact. Thus, the retinal image was not immobilized in the EW-lesion birds and this should not have been a means by which the measured acuity could be affected by the eye movement impairment. Further consistent with the conclusion that eye movements are not necessary for high visual acuity in pigeons, the visual acuity in anesthetized pigeons (in which eye movements are thus greatly attenuated or eliminated) determined either by the pattern electroretinogram or by visually evoked tectal responses is indistinguishable from that determined by the behavioral testing used in this study (Hodos et al., 1991b) . Regarding the second possible mechanism by which eye movement impairment might have affected visual acuity performance, the fixation behavior of the EW-lesion birds was indistinguishable from that of shams and AP birds, and involved head movements in all three cases. This was evident in our videotapes of the birds performing the behavioral task. Thus, there was no evidence that the oculomotor and trochlear damage impaired the ability of the birds to perform any critical aspect of our acuity task. Consistent with this conclusion, an extensive literature in humans indicates that eye movements play no necessary role in behaviorally determined acuity (Keesey, 1960; Shortess & Krauskopf, 1961) and the retinal image stabilization that attends total loss of eye movements is a delayed phenomenon that does not hinder acuity (Ditchburn & Ginsborg, 1952; Riggs et al., 1953) . Finally, regarding the third possible mechanism by which eye movement impairment might have affected visual acuity performance, it is unclear by what mechanism partial loss of eye movement control could harm the retina and thereby reduce acuity. Arguing against the notion that impaired eye movements could have deleterious consequences for retinal health is the observation that even birds with very limited eye movements, such as hawks and eagles (Walls, 1963) , have high visual acuity (Hodos et al., 1997) . For these various reasons, we believe it is unlikely that the oculomotor0trochlear damage attending the bilateral EWM lesions contributed significantly to the acuity impairment. It seems likely to us that the correlation of the oculomotor0trochlear damage with the acuity loss is the adventitious consequence of the close correlation between EWM damage and oculomotor0trochlear damage. Nonetheless, we cannot completely rule out the possibility that the oculomotor0trochlear damage contributed to the acuity loss in some currently unanticipated way.
Conclusions about the basis of the acuity loss following EW lesions
The small impact of pupillary and accommodative impairment on acuity performance in our pigeons may seem surprising. The impact of pupillary and accommodative dysfunction on acuity performance in our EW, AP, and vecuronium groups may, however, have been lessened by the nature of the viewing task used. Because a pigeon has its eyes situated on the sides of its head, pigeons view stimuli (such as those presented to them in the acuity task used here) in their lower frontal field in their area dorsalis, an area of high acuity viewing (Bloch & Martinoya, 1982 . With such frontal viewing, the pupil is highly elliptical and is effectively a stenopaeic slit, which has an enormous depth of focus (Miller, 1991) . This fact may have diminished the accommodative demand of the behavioral task used in the present study. Stenopaeic viewing may also have lessened the impact of pupillary dilation on acuity performance. With on-axis viewing, as pupillary diameter increases beyond the optimal range, the retinal point spread function becomes wider as a result mainly of spherical aberration. The result of this is a reduction in visual acuity (Westheimer, 1992) . Thus, pupillary dilation might have been expected to have some impact on acuity performance if the birds were using on-axis viewing, but the AP-lesion group data suggests that it did not. Although the predicted impact of pupillary dilation on acuity is slight (Borish, 1970) , the failure to find any impact of the AP lesion suggests that the pigeons may have been using stenopaeic viewing during the behavioral task. Examination of the videotapes taken of the birds during the behavioral task is consistent with this interpretation, since the birds were observed to tilt their head in such a way as to align the pupillary slit of the viewing eye with the diagonal lines of the stimulus. It is also possible that the accommodative demand of our acuity task on the pigeons was lessened by the reported myopia of pigeons in the frontal and lower field used for viewing stimuli in this task (Block & Martinoya, 1982; Uhlrich et al., 1982; Hodos & Erichsen, 1990) . Irrespective of the extent to which pupillary dilation and accommodative dysfunction would affect acuity performance using the frontal lower field under stenopaeic viewing conditions, the fact remains that a large fraction of the loss in acuity with EW lesions could not be accounted for by the loss in pupillary or accommodative dysfunction. Since it seems to us unlikely that the oculomotor and trochlear damage affected acuity, it seems most likely that the part of the acuity loss not accounted for by the accommodative impairment stems from the bilateral EWM damage.
Role of EWM damage in the acuity loss following EW lesions
The most likely explanation for the part of the acuity loss attributable to the EWM damage would seem to be that the acuity loss in the EW-lesioned birds stemmed from specific histopathological retinal changes, such as those observed in our previous studies (Fitzgerald & Reiner, 1989; Fitzgerald, et al., 1990b) , as well as possible changes yet to be elucidated. It seems likely that such alterations ensue from the declines in basal choroidal blood flow and the disruption of its adaptive regulation subsequent to destruction of EWM . This impairment in choroidal blood flow regulation should have been particularly severe for the part of the choroid underlying the area dorsalis of the retina, since the choroidal neurons of the ciliary ganglion (which are innervated by EWM) have a particularly abundant input to this part of the choroid (Cuthbertson et al., 1996) . As noted above, the area dorsalis is the portion of the retina that pigeons apparently used for viewing the discriminative stimuli used in our behavioral task. Although the precise function of the EWM-mediated control of choroidal blood flow is uncertain, the EWM is known to be part of a circuit (retina-SCN-EWM-ciliary ganglion-choroid) at least part of whose function is the light-regulated control of choroidal blood flow (Gamlin et al., 1982; Reiner et al., 1983 Reiner et al., , 1995 Fitzgerald et al., 1996) . Additionally, the integrity of the EWM and ciliary ganglion appear to be necessary for maintaining basal choroidal blood flow Shih et al., 1993 Shih et al., , 1994 Reiner et al., 1995) . Lesions of EWM are associated with reductions of choroidal blood flow to 50-75% of normal baseline flow and a loss in the SCN-EWM mediated adaptive control of choroidal blood flow. Such lesions lead to changes in the retina that include increased expression of GFAP by retinal Müller cells (Fitzgerald et al., 1990b) , thinning of photoreceptor outer segments (Fitzgerald & Reiner, 1989) , and diminished detectability of starburst amacrine cells by choline acetyltransferase immunohistochemistry (Cuthbertson et al., 1996) . Removal of the ciliary ganglion input to the choroid leads to choroidal blood flow that is 20-50% of normal (Shih et al., 1993 (Shih et al., , 1994 Fitzgerald et al., 1996) , and is also associated with diminished detectability of starburst amacrine cells by choline acetyltransferase immunohistochemistry (Cuthbertson et al., 1996) , as well as increased propensity for photoreceptor degeneration consequent to an ischemic insult (Shih et al., 1993 (Shih et al., , 1994 Reiner et al., 1995) . While the full extent of retinal changes observed 1 year after an EWM lesion or ciliary ganglionectomy is not yet fully characterized, the known photoreceptor changes and the changes in inner retinal synaptic interactions and information processing that would occur with loss in function of the cholinergic amacrine cells could contribute to the acuity loss attributable in this study to EWM destruction. Consistent with this notion, prior studies in pigeons have shown that age-related changes in photoreceptors are associated with large declines in visual acuity (Hodos et al., 1991a) . Changes in the ionic microenvironment of the retina subsequent to vascular insufficiency stemming from EWM damage could also affect synaptic interactions in the retina and impair retinal function (Steinberg, 1987; Yancey & Linsenmeier, 1988 Newman, 1991) . Such various retinal changes ensuing from EWM lesions might have led to the variations in lens-induced eye growth in the chickens described by Schaeffel et al. (1990) , which could explain the variability in refractions observed in that study. Further studies are, nonetheless, needed to better document the retinal changes associated with acuity loss 1 year after an ipsilateral EWM lesion in young pigeons.
Implications for disease and aging
Retinal pathology and loss of visual function can be profound in aging and in the most severe stages of diseases such as diabetes, hypertension, glaucoma, and severe myopia (Kanski, 1984; Newsome, 1988) . In these disorders, the vasculature and0or its innervation is gradually compromised (Potts, 1966; Tso & Jampol, 1990; James & Smith, 1991; Langham et al., 1991; Fitzgerald et al., 1992 Fitzgerald et al., , 1994 Kubota et al., 1993; Yin et al., 1994; Reiner et al., 1995; Yoneya et al., 1995) . For the retina, this could result in impairments in the regulation of choroidal blood flow according to retinal need and sustained or episodic insufficiency of choroidal blood flow. Such conditions may lead to chronic or episodic retinal ischemia, which could contribute to gradual pathological changes in retina and retinal function prior to the most severe and grossly apparent stages of these conditions. Such a pattern of evolution for retinal pathology and dysfunction would be consistent with our interpretation of the effects of EWM lesions on visual acuity in pigeons. Thus, defects in the adaptive regulation of choroidal blood flow or chronic insufficiency of choroidal blood flow may be important factors contributing to retinal dysfunction and degeneration in human disease, even before the most catastrophic manifestations of such disease.
